Volume 3, number 1

FEBS LETTERS

April 1969

PARTIAL RESOLUTION OF ENERGY-LINKED REACTIONS
IN RHODOSPIRILLUM RUBRUM CHROMATOPHORES *

Ronald R. FISHER ** and Richard J. GUILLORY ***

Section of Biochemistry and Molecular Biology, Division of Biological Sciences,
Cornell University, Ithaca, New York 14850, USA

Received 28 February 1969

1. Introduction

Chromatophores isolated from Rhodospirillum
rubrum contain in addition to their photophosphor-
ylation mechanism a number of the energy-linked
functions found in rat liver and ox-heart submito-
chondrial particles. Like submitochondrial particles,
the chromatophores catalyze an electron transport
coupled phosphorylation of ADP to ATP [1], energy-
linked ion transport [2], the energy dependent reduc-
tion of NAD" by succinate [3], and an energy-linked
transhydrogenation between NADH and NADP* [4].
In addition, chromatophores are able to couple the
synthesis of pyrophosphate to electron transport [5].

Chromatophores further resemble submitochond-
rial particles in that they contain ATPase activity. The
ATPase activity has been postulated to be a result of
a reversal of the phosphorylation mechanism and the
hydrolytic cleavage of an energized intermediate [6].
Studies of the coupling factor, F;, from ox-heart
mitochondria suggested that mitochondrial ATPase
represents the terminal enzyme of the phosphoryla-
tion mechanism [7]. In analogy with the mitochond-
rial and chromatophore ATPase activity, the inorganic
pyrophosphatase activity of R. rubrum has been pos-
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tulated as being due to a reversal of a pyrophosphate
synthesizing reaction [5].

The question arises as to whether one or two ter-
minal enzymes catalyze the phosphorylation of P, (to
inorganic pyrophosphate) and ADP (to ATP) in R.
rubrum.

Boyer [8] pointed out that the slow rate of pyro-
phosphate synthesis may result from the substitution
of a phosphate for ADP at an enzymatic site identical
to that utilized for ATP synthesis. On the other hand
Baitscheffsky and Von Stedingk [5] have proposed
that pyrophosphate synthesis represents a side path of
the reaction sequence leading to ATP synthesis.

This communication reports on the preparation of
R. rubrum particles resolved with respect to the
energy-linked transhydrogenase and deficient in
ATPase or pyrophosphatase activity. Our results ob-
tained with these particles suggest that the phosphor-
ylation leading to pyrophosphate and adenosine tri-
phosphate synthesis is catalyzed by two distinct en-
zymes.

Abbreviations
Cr  R. rubrum chromatophores depleted of transhydrogen-
ase factor

CaT R. rubrum chromatophores depleted of transhydrogen-
ase factor and lacking adenosine triphosphatase activ-
ity

Cpt R. rubrum chromatophores depleted of transhydrogen-
ase factor and lacking inorganic pyrophosphatase ac-
tivity

TH; transhydrogenase factor
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2. Experimental procedure

Chromatophores were prepared from photosynthe-
tically grown R. rubrum (Van Niel Strain —1) [9] by
grinding with sand [10]} . Bacteriochlorophyll was
assayed according to the method of Clayton [11].
Incorporation of 32P; into glucose-6-phosphate was
measured by the isobutanol extraction procedure of
Lindberg and Ernster [12]. Energy-linked trans-
hydrogenation was assayed by the method of Keister
and Yike [4] and ATPase activity was measured as
previously reported [13]. The transhydrogenase fac-
tor (TH ) was prepared as described earlier [14].

Cr particles were prepared by washing chromato-
phores with 0.1 M Tris-HCl buffer—10% sucrose, pt 8
until they were free of measurable energy-linked
transhydrogenase activity [14].

C 5 particles were prepared by adding 3 ml of Cy
particles (320 ug bacteriochlorophyll per ml) suspend-
ed in 0.1 M glycylglycine—10% sucrose, pH 8 to 50 ml
of a solution containing 0.25 M glycylglycine and 2 M
LiCl, pH 8. After continuous stirring at 4° for 10 min
the suspension was centrifuged 30 min at 50,000 rpm
in a Spinco 50 rotor. The sedimented chromatophores
were resuspended in 0.10 M glycylglycine—10%
sucrose, pH 8 to a concentration of 300 ug of bac-
teriochlorophyll per ml.

Cpr particles were prepared by the dropwise addi-
tion of 1-butanol to C particles (275 ug bacterio-
chlorophyll per ml) suspended in 0.2 M glycylglycine
buffer, pH 7.8. After the 1-butanol concentration had
reached 3.1% the suspension was stirred for an addi-
tional 10 min at 4° and then centrifuged for 1 hr at
40,000 rpm in a Spinco 40 rotor. The chromatophore
pellet was resuspended in a 0.2 M glycylglycine buffer,
pH 7.8, and dialyzed at 4° against the same buffer for
eleven hours.

3. Results

The energy-linked transhydrogenase of R. rubrum
chromatophores driven by light, ATP or pyrophos-
phate has been resolved into a soluble (TH;) and a
particulate (C1) component [14] . Little or no energy-
linked transhydrogenase is demonstrated in the par-
ticulate fraction in the absence of TH;. Addition of
TH, (table 1) totally reconstitutes transhydrogenation
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Table 1
Reconstitution of the energy dependent transhydrogenation
of Cp by THy.

Transhydrogenase activity

Energy source

Additions _—

Light ATP
Chromatophores 105 39.5
Cr 14 4.4
Ct plus THy 103 36.3

The reaction medium (3 mi) at 23° contained 44 mM glycyl-
glycine buffer pH 8, 125 mM sucrose, 180 mM ethanol,
0.067 mM NADH, 0.334 mM NADP*, 2.67 mM MgCl,, 175
units of yeast alcohol dehydrogenase and chromatophores
(20 pg bacteriochlorophyll), 0.85 mM ATP. Illumination was
7.5 X 10% erg cm2 sec”!. When added 2.75 mg TH was suffi-
cient to stimulate maximally the transhydrogenase activity.
The activity is given as umoles of NADP* reduced per mg
bacteriochlorophyll per hr measured as an increase in OD at
340 mu [14].

Table 2
Effect of extraction of Ct with 1-butanol on ATPase, pyro-
phosphatase and photophosphorylation.

Enzymatic activity

Particle

preparation Pyro- Photophos-
ATPase phosphatase phorylation

Cr 348 158 313

Cpr 356 11 261

Photophosphorylation was assayed at 30°C in a reaction me-
dium (3 ml) containing 28 mM glycylglycine buffer pH 7.8,
3.3 mM 32P; (3 X 10% cpm/umole P;), 10 mM MgCly, 3.3 mM
ATP, 50 mM glucose, 0.4 mg yeast hexokinase, 0.44 mM phen-
azine methosulfate, Ct and Cpt chromatophores (44 ug bac-
teriochlorophyll). The reaction was terminated at 5 min with
perchloric acid [13] and the ATP synthesized evaluated ac-
cording to the procedure of Lindberg and Ernster {12]. Light
illumination was 7.5 X 104 erg cm"2 sec-1. Photophosphoryla-
tion activity is expressed as umoles ATP synthesized per mg
bacteriochlorophyll per hr, ATPase and pyrophosphatase
activity as umoles of substrate hydrolyzed per mg bacterio-
chlorophyll per hr.

driven by the three energy sources (the pyrophos-
phate driven reaction is not shown).
The ATPase and pyrophosphatase of the trans-
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Table 3
Effect of extraction of Ct with 1.9 M LiCl on ATPase and
pyrophosphatase.
Particle Enzymatic activity
preparation ATPase Pyrophosphatase
Cr 276 226
CAT 14 224

ATPase was assayed for 10 min at 30° in a reaction medium
(1 ml) containing 33 mM glycylglycine buffer pH 8, 96 mM
sucrose, 2 mM ATP, 2 mM MgCl,, 0.005 mM carbonyl-
cyanide-m-chlorophenylhydrazone, 3 mM phosphoenol-
pyruvate, 0.03 mg pyruvate kinase (Boehringer), and resolved
chromatophores (30 ug bacteriochlorophyll).
Pyrophosphatase activity was assayed for 5 min at 30° in a
reaction medium (1 ml) containing 42 mM glycylglycine
buffer pH 8, 123 mM sucrose, 5 mM MgCl,, 5 mM sodium
pyrophosphate, 0.005 mM carbonylcyanide-m-chlorophenyl-
drazone and resolved chromatophores (30 ug bacterio-
chlorophyll). Activities are given as umoles of substrate
hydrolyzed per mg bacteriochlorophyll per hr.

Table 4
Reconstitution of energy dependent transhydrogenation in
CT and C AT

Transhydrogenation activity
Additions

Energy source

. Pyro-

Light ATP phosphate
Cr 115 38 26
Cy+20pug oligomycin 119 2 22
CaT 34 0 8
CAT + 20 ug oligomycin 83 0 18

Transhydrogenation was assayed as in table 1. When added,
sodium pyrophosphate was 1.7 mM.

hydrogenase depleted particles (Cy) as well as their
photophosphorylation is comparable to the activities
of unresolved particles (table 2). When Cp was ex-
tracted with 3.1% of 1-butanol the resulting particles
(Cpr) became deficient in pyrophosphatase activity.
Photophosphorylation of ADP was only slightly lower
in Cpy than in Cy. On the other hand, extraction of
Cy with 1.9 M LiCl results in chromatophore prepara-
tions (C 4 ) which have a low level of ATPase activity
but retain a level of pyrophosphatase activity identical
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to that found in the nonextracted chromatophores
(table 3).

Reconstituted energy-linked transhydrogenation
was used to evaluate the ability of light, ATP and
pyrophosphate to drive this reaction in C and C,t.
As shown in table 4, C 1 particles in the presence of
TH; catalyze the energy linked transhydrogenation
driven by light or pyrophosphate, but not by ATP.
Cpr particles (data not shown) in the presence of TH;
catalyze the energy-linked transhydrogenation driven
by light. Keister and Yike [4] have demonstrated that
ATP-driven transhydrogenation in chromatophores
unresolved with respect to transhydrogenase activity
is inhibited by oligomycin. From table 4 it can be seen
that oligomycin inhibited reconstituted transhydrogen-
ation driven by ATP in Cy particles but had little in-
fluence on the reaction driven by light or pyrophos-
phate. Following LiCl extraction of Cy, oligomycin
stimulated the pyrophosphate and light driven reac-
tions by almost 250%. The action of oligomycin on
transhydrogenation in C 5y is similar to that observed
with non-phosphorylating submitochondrial particles
[16] . As postulated for the submitochondrial system
this stimulation may be related to the inhibition of an
energy dissipating reaction. Results identical to those
obtained with LiCl extraction of C were obtained
when the transhydrogenase deficient particles were
extracted with 3 M urea.

4. Discussion

Although extraction of chromatophores with
1.9 M LiCl results in the loss of ATPase activity as
well as the ability of the particles to photophosphor-
ylate ADP, it is uncertain as to whether the ATPase is
detached from the particles or inactivated while still
bound to the membrane. MacLennan and his asso-
ciates [17] have reported that extraction of submito-
chondrial particles with NaCl selectively solubilizes
inactive subunits of mitochondrial ATPase from the
membrane.

Electron microscopic observations of negatively
stained preparations have not revealed any major
morphological difference between control chromato-
phores and the LiCl treated preparations.

Although inner membrane spheres were seen in
some fields as previously reported by Low and Afze-

29



Volume 3, number 1

lius [18] they were not visible in most of the chrom-
atophores.

The specific loss of pyrophosphatase activity upon
1-butanol extraction and of ATPase activity on extrac-
tion with 1.9 M LiCl suggests that these two activities
reside in different enzymes. The ability of pyrophos-
phate to drive the energy-linked transhydrogenation
in C,r at an unimpaired rate relative to that of the
light driven reaction while the ATP driven reaction is
completely inhibited is shown in table 4. This obser-
vation indicates that the enzyme system (s) required
for the formation of energized intermediates from
light or pyrophosphate are still functional. It is ob-
vious that the pathway for synthesis of energized
intermediates from ATP is inoperative in these parti-
cles. In addition, pyrophosphate but not ATP synthe-
sis is observed in Cpp [19].

It is concluded that the light dependent phosphor-
ylation reactions leading to the synthesis of ATP and
pyrophosphate in chromatophores of R. rubrum rep-
resent enzyme systems which can be at least partially
separated and are not totally interdependent.

Acknowledgement
The authors wish to express their appreciation to

Dr. E.Racker for the electron microscope observa-
tions.

30

FEBS LETTERS

April 1969

References

{1] M.Nishimura, Biochim. Biophys. Acta 66 (1963) 17.

[2] J.B.Jackson, A.R.Crofts and L.V.Von Stedingk, Euro-
pean J. Biochem. 6 (1968) 41.

[3] D.L.Keister and N.J.Yike, Arch. Biochem. Biophys. 121
(1967) 415.

[4] D.L.Keister and N.J.Yike, Biochem. Biophys. Res.
Commun. 24 (1966) 519.

[5] H.Baltscheffsky and L.V.Von Stedingk, Biochem. Bio-
phys. Res. Commun. 22 (1966) 722.

{6] E.C.Slater, Australian J. Exp. Biol. Med. Sci. 36 (1958)
S1.

[7] H.S.Penefsky, M.E Pullman, A.Datta and E.Racker, J.
Biol. Chem. 235 (1960) 3330.

[8] P.D.Boyer, in: Current Topics in Bioenergetics, vol. 2,
ed. D.R.Sanadi (Academic Press, New York, 1967) p.99.

[9] J.G.Ommerod, K.D.Ormerod and H.Gest, Arch. Biochem.
Biophys. 94 (1961) 449.

[10] H.Baltscheffsky, Biochim. Biophys. Acta 40 (1960) 1.
[11] R.K.Clayton, in: Bacterial Photosynthesis, eds. H.Gest,
A.San Pietro and L.P.Vernon (The Antioch Press,

Yellow Springs, Ohio, 1963) p. 495.

[12] O.Lindberg and L.Ernster, Meth. Biochem. Anal. 3
(1956) 1.

[13] R.R.Fisher and R.J.Guillory, Biochim. Biophys. Acta
143 (1967) 654.

[14] R.R.Fisher and R.J.Guillory, J. Biol. Chem. 244 (1969)
1078.

[15] L.Danielson and L.Ernster, Biochem. Z. 338 (1963) 188.

[16] C.P.Lee, G.F.Azzone and L. Ernster, Nature (London)
201 (1964) 152.

[17] D.H.MacLennan, J.M.Smoly and A.Tzagoloff, J. Biol.
Chem. 243 (1968) 1589.

[18] H.Low and B.A.Afzelius, Exp. Cell Res. 35 (1965) 431.

[19] R.J.Guillory, R.R Fisher and L.Y.Lowe, in preparation.



